Abstract: Although locomotory performance in vertebrates is related to fitness, most performance tests are conducted in a laboratory setting, or in a manner that forces the organism to move not of their own volition. Biotelemetry offers the possibility to measure voluntary activity in a natural setting and provides the opportunity to combine laboratory-derived data with field studies on wild fish. In this study, it was found that laboratory-and field-based measurements of swimming performance and voluntary activity resulted in similar general seasonal trends, though each measurement assessed a different swimming type. In the field, all swimming metrics were lower at cooler water temperatures and were lowest during early winter (mean daily activity = 0.016 BL/s; mean voluntary swimming activity = 0.04319 BL/s; maximum swimming speed = 0.17 BL/s). In the laboratory, fish acclimatized to 25.0, 14.0, and 7.5 8C decreased swimming performance (Ucrit) with water temperature (25.0 8C (2.17 BL/s); 14.0 8C (1.69 BL/s); 7.5 8C (1.17 BL/s). Although some species and tissues have been shown to exhibit different degrees of thermal adaptation, these results show that swimming, one of the most important functions in fish, is largely dependent on environmental temperature, at least in largemouth bass (Micropterus salmoides (Lacepède, 1802)).
Introduction
Locomotion is a frequently studied response variable because it is crucial for many ecologically relevant activities such as predator avoidance, prey capture, territorial defense, and migration (Swingland and Greenwood 1983) . Locomotion is also commonly studied to relate performance to individual fitness in animals (Irschick 2003) . Because of logistical difficulties associated with measuring field performance in free-ranging animals, much of the research as-sessing animal locomotor performance has been conducted in controlled laboratory settings where animals are evaluated using manufactured apparatus (e.g., swimming tunnels, tread mills, and flight cages) in which they are often ''forced'' to perform. Recently, some scientists have argued that these laboratory-based measurements of locomotion are not representative of the performance of wild, free-ranging animals (Irschick and Garland 2001) . Thus, there is a need to develop metrics that can accurately assess animal performance in the field (Hertz et al. 1988; Pough 1989; Irschick 2003) .
For fish, there are three types of swimming performance metrics that are commonly measured in the laboratory, each with differences in muscle recruitment and duration for which the activity can be sustained (Beamish 1978; Hammer 1995; Blake 2004) . First, sustained swimming uses aerobic red muscle and can last for over 200 min (theoretically for indefinite periods), and is typically used by fish to move long distances (i.e., during migration) or when moving voluntarily throughout their surroundings (Beamish 1978) . Prolonged swimming also uses aerobic red and white muscles and typically lasts for less than 200 min and results in depletion of tissue energy stores (Beamish 1978) . It is difficult to assess whether fish use prolonged swimming speeds in the wild, but it has been shown to correlate with routine activity and metabolic rates (Plaut 2001) . Lastly, burst swimming, or exhaustive swimming, uses only white muscle and requires anaerobic respiration for fuel (Beamish 1978) . Burst swimming is often used when capturing prey, when being chased by a predator, or when transiting through difficult flow conditions. All types of swimming performance have been shown to be linked to water temperature (Beamish 1978; Randall and Brauner 1991) . Because each swimming type is distinct (Blake 2004) , numerous methods and protocols have been developed to assess swimming performance, mostly within a laboratory setting (reviewed in Hammer 1995), and include using laser gates to assess burst swimming (Nelson et al. 2002) and quantifying prolonged and burst swimming performances using swim tunnels (Brett 1964; Farrell et al. 1998; Gregory and Wood 1998) .
Recently, however, there has been debate as to what constitutes ecologically relevant swimming tests and metrics. Critical swimming speed (or U crit ), measured using a swim tunnel, has long been regarded as the best metric of swimming performance because it indicates maximal aerobic swimming capacity (Beamish 1978) . More recently, researchers have argued that U crit tests have been used arbitrarily (Plaut 2001; Nelson et al. 2002) and methods such as laser gaits and swimming flumes that result in the fish moving more freely or voluntarily are a more representative metric (Nelson et al. 2002; Peake and Farrell 2004; Swanson et al. 2004 Swanson et al. , 2005 McDonald et al. 2007) . One method that measures voluntary activity is field-based telemetry.
Field-based telemetry is the use of manual or automatic tracking systems to remotely locate transmitters attached to free-ranging individuals (Lucas and Baras 2000) , and this method has been used to study swimming abilities of fish in their natural setting (Cooke et al. 2004a (Cooke et al. , 2004b Hanson et al. 2007) . The majority of these field studies measuring swimming ability cover large spatial and temporal scales, often using hydrophone or antenna arrays distributed along the length of a river (e.g., Hanson et al. 2008 ). For many lake telemetry studies, the distance between subsequent points and the time interval between the points are used to assess activity (e.g., Cooke et al. 2001; Hanson et al. 2007 ). Often, the time intervals can be multiple days and the points can be hundreds of metres apart, meaning that only coarse assessments of activity can be made (e.g., Bauer and Schlott 2004) . However, new innovations in telemetry, which include near real time positioning of multiple individual fish using submerged fixed acoustic hydrophone systems and code division multiple access (CDMA) enabled transmitters, have provided the ability to assess fine-scale swimming ability (Niezgoda et al. 2002; Cooke et al. 2005; Hanson et al. 2007 ). Thus, CDMA-based telemetry may offer a more appropriate means for measuring swimming performance in fish in the wild.
The aim of this study was to examine seasonal changes in swimming performance measured in the field and the laboratory. To do so, we examined the effect of water temperature and seasonality on the swimming performance of free-swimming largemouth bass (Micropterus salmoides (Lacepède, 1802)), as well as largemouth bass held in the laboratory and forced to swim in a swim tunnel.
Materials and methods

Biotelemetry study
Warner Lake (8.3 ha), located entirely within the property of the Queen's University Biological Station, is a freshwater lake with a maximum depth of 7 m. Warner Lake is equipped with a fixed-station, submerged acoustic telemetry array consisting of a CDMA-based telemetry system that is able to monitor the three-dimensional position of telemetered fish. The system consists of 2 multiport MAP 600 receivers (one for each basin) and 13 hydrophones moored approximately 2 m below the water surface (Lotek MAP 600; Lotek Wireless Inc., Newmarket, Ontario) (Cooke et al. 2005) . Each hydrophone has a cable extending to a central location on shore where it is connected to a receiver. Receivers are connected to a desktop computer controlled by MAP 600 PC HOST software (version 3.09; Lotek Wireless Inc., Newmarket, Ontario). Fish position data are stored on flash cards and are later transferred to personal laptops for interpretation and positioning in BioMAP (version 2.1.12.1; Lotek Wireless Inc., Newmarket Ontario). Filters within BioMAP process raw position data, remove erroneous positions using wavelet-based analysis (Hess-Nielsen and Wickerhauser 1996; Akay and Mello 1997) , and provide daily estimates of both mean and maximum swimming speeds for each fish (Niezgoda et al. 2002) .
Temperature thermochrons (DS1921Z, iButton; Maxim Integrated Products and Dallas Semiconductor, Sunnyvale, California) were deployed to record ambient temperature at 4 h intervals from November 2005 to November 2006. The thermochrons were attached to floating ropes and anchored at numerous depths (0-5 m) and at multiple locations to ensure complete coverage of the lake.
In October 2005, nine largemouth bass (39.9 ± 0.65 cm) were angled from Warner Lake and implanted with CDMA temperature-pressure sensing acoustic transmitters (Lotek MA-TP 16-25, 16 mm Â 65 mm, repetition rate 59.5 s, life expectancy of 3 years, weighing 30.0 g in air; Lotek Wireless Inc., Newmarket, Ontario), using surgical approaches outlined in Cooke et al. (2003) . Each fish was released following surgery and tracking by the telemetry system began immediately. Tracking of all fish continued into the following summer, with the exception of one fish that was no longer being tracked after April 2006.
To assess the swimming performance of fish in the biotelemetry field study, three metrics were used: (1) daily voluntary activity, (2) voluntary swimming activity, and (3) maximum voluntary swimming activity. For each metric, movement data were generated during six different time periods: 10 days at water temperature 11.5 8C ( . Daily voluntary activity quantified the amount of movement each fish undertook throughout the period and was calculated using all filtered data points. The distance and time between two subsequent points were calculated (using the Pythagorean theorem) and the instantaneous velocity between these two points was generated. Voluntary swimming activities were calculated in a similar manner, but only instantaneous velocities above the 75th quartile were included in the mean value. This was done so that periods when the fish were stationary were excluded from the assessment and produced a metric most closely associated to actual swimming potential. The third metric used to assess swimming performance in the biotelemetry study was maximum voluntary swimming activity. This metric was calculated as the mean of the maximum instantaneous velocities for each fish on each day during the 10-day sampling periods. Maximum voluntary swimming activity provided a metric that was the most closely linked to the highest speed at which a telemetered fish was observed to be swimming in the wild.
Swim-tunnel experiments
A 54 L Blazka-type swim tunnel (120 cm in length and 24 cm in diameter) (Blazka et al. 1960; Beamish 1978 ) was used to measure the U crit and burst swimming ability of multiple largemouth bass (angled from Lake Opinicon; located approximately 1 km from Warner Lake) at three different seasonal temperatures throughout the year: 15 fish at 25.0 8C (summer: July-August; tail length (TL): 29.2 ± 1.4 cm), 7 fish at 14.0 8C (fall: October; TL: 27.8 ± 1.6 cm), and 10 fish at 8.5 8C (early spring: April; TL: 28.1 ± 1.5 cm) (Brett 1964) . Lake Opinicon water was used to fill the swim tunnel, and the water in the tunnel was held at ambient Lake Opinicon temperature by allowing a small flow of lake water into and out of the swim tunnel throughout all swimming trials. For the U crit protocol (Beamish 1970; Kolok 1992) , each fish was acclimated to the swim tunnel at speeds of 0.5 body length per second (BL/s) for 1 h, after which the speed was increased in a stepwise fashion by 0.5 BL/s every half-hour until exhaustion (one fish in each trial). The fish was considered exhausted once it rested on the back of the swim tunnel with no reaction to disturbance from the observer, or when it was overwhelmed by the current and forced against the grate. At that point, the motor speed was decreased to stimulate the fish to begin swimming again and quickly brought back to the exhaustion speed. The time measurement ended when the fish rested against or was forced against the grate for a second time. Fish were allowed 20 min to recover before the stepwise test was repeated and results from the second swimming test were used for analysis; the use of the second swimming test is recommended, as previous studies have shown it to be more indicative of swimming ability than the first replicate (Farrell et al. 1998 ). After a 24 h recovery period, a test of burst swimming ability was performed using the same fish from the U crit swimming test (Gregory and Wood 1998) . For the burst swimming protocol, the fish was first acclimated to the swim tunnel for 5 min at 0.5 BL/s. In a stepwise fashion, the speed was increased by 0.5 BL/s every 30 s until 3.0 BL/s was reached. The fish was timed to determine how long it could maintain a swimming speed of 3.0 BL/s, and the trial was concluded using the same end points as described above. This portion of the study was only carried out during the summer and early-spring periods, and not during the fall period.
Data analysis
To standardize total length between the two studies, all rates are expressed in body lengths per second (BL/s). Biotelemetry-derived voluntary activity metrics were compared across temperatures using a repeated-measures one-way analysis of variance (ANOVA) and a Tukey's HSD post hoc test. Laboratory measurements of U crit swimming performance were compared across temperatures using AN-OVA and a Tukey's HSD post hoc test. Burst swimming versus temperature was compared using an unpaired Student's t test. To directly compare seasonal changes in the different metrics used, the percent change across temperatures for all activity assessments was determined by calculating the ratio of the seasonal value of each metric to the summer value of the same metric. All tests were performed using JMP version 6.0.2 (SAS Institute Inc., Cary, North Carolina), with the level of significance (a) for all tests being 0.05. Values reported are means ± SE.
Results
Field study
The voluntary daily activity of largemouth bass monitored using biotelemetry decreased significantly as the seasons progressed from summer to early winter, and then there was a recovery in activity in the late winter and early spring (repeated-measures ANOVA; F [4,35.3] = 18.0, P < 0.0001) (Fig. 1a) . The voluntary daily activity of the fish during the summer (25 8C) was 0.067 ± 0.004 BL/s (n = 7), and there was a 46.4% reduction in mean daily activity during the fall when water temperature was 11.5 8C (Table 1) . A further 45% reduction in mean daily activity, relative to the fall, was found during the early winter when water temperature was 4.5 8C (Fig. 1a) . During late winter and early spring when water temperatures were 5 and 7.5 8C, respectively, mean voluntary daily activity tended to increase (nonsignificantly) 29% and 46% relative to the early-winter sample period and were no longer statistically different from the fall sample period (least means differences Tukey's HSD post hoc test; P > 0.05) (Fig. 1a, Table 1 ).
When periods of resting were eliminated, largemouth bass voluntary swimming activity again decreased significantly as the seasons progressed (repeated-measures ANOVA; F [4,34.11] = 19.6, P < 0.0001) (Fig. 1b) . The voluntary swimming activity of fish during the summer (25 8C) was 0.1608 ± 0.0108 BL/s (n = 7), and there was a 37.2% reduction in voluntary swimming activity during the fall when water temperature was 11.5 8C compared with during the summer (Table 1) . There was a further 58% reduction, relative to the fall, in voluntary swimming activity when water temperature was 4.5 8C (early winter). No change in voluntary swimming activity was found in the late winter, but voluntary swimming activity in the early spring was 7% greater than during the late winter (least means differences Tukey's HSD post hoc test; P > 0.05) (Fig. 1b) .
Voluntary maximum swimming activity of telemetered largemouth bass decreased significantly as the seasons progressed (repeated-measures ANOVA; F [4,35.3] = 17.9, P < 0.0001) (Fig. 1c) . The voluntary maximum swimming activity during the summer was 0.41 ± 0.23 cm/s (n = 7), and there was no significant difference between summer and fall values. There was a 63.3% reduction in voluntary maximum swimming activity during the early-winter period (Table 1) .
Voluntary maximum swimming activity during the late winter and early spring were not significantly different from the early-winter period (least means differences Tukey's HSD post hoc test; P < 0.05) (Fig. 1c) .
Swim-tunnel experiments
As ambient water temperature declined, the prolonged swimming speed (U crit ) of largemouth bass forced to swim in a swim tunnel also declined (one-way ANOVA; F [2, 29] = 14.6, P < 0.0001) (Fig. 2a) . Specifically, fish tested in the summer (25.0 8C) swam at 2.17 ± 0.12 BL/s. Fish tested in the fall (14.0 8C) were 23.4% slower than fish tested in the summer, and fish tested in the early spring (8.5 8C) were 52.8% slower than fish tested in the summer (least means differences Tukey's HSD post hoc test; P < 0.05) (Fig. 2a,  Table 1 ). The ability of fish to perform burst swimming (3.0 BL/s) also decreased in concert with declining ambient water temperature (unpaired Student's t test; t [12.93] = -3.1, P < 0.008). Fish could burst swim for 19.7 ± 4.7 s during the summer period (n = 9) but only 2.7 ± 2.7 s (n = 10) during the early-spring period (Fig. 2b) .
Direct laboratory and field comparisons
When the relative changes were compared between the laboratory and field studies, the trends in swimming speed were similar. Specifically, as the seasons progressed and water temperature decreased, so did the values of all five metrics (Table 1) . Comparing the percent changes across metrics revealed that percent change to laboratory-derived U crit measurements during the early spring, relative to the summer, was -52.8% and similar percent changes were found in voluntary daily activity (-55.3%), voluntary swimming activity (-51.4%), and voluntary maximum swimming activity (-54.4%). Both laboratory-derived burst swimming speed and voluntary daily activity during the fall were closest in magnitude to summer values, but these metrics still decreased by 1.7% and 12.6%, respectively. Activity levels for all other time periods were at least 23% lower than summer values (Table 1) . During the early winter, only biotelemetry-derived observations were made. Activity metrics decreased between 63.3% and 75.6% during the early winter, which is the highest degree of change from summer values observed in the study (Table 1) .
Discussion
Both laboratory-and field-based performance tests showed that daily activity and swimming performance of largemouth bass decrease with seasonal declines in water temperature. In the biotelemetry study, the daily activity of largemouth bass decreased during the fall compared with the summer and a further reduction was measured during the winter. Likewise, swimming speeds (U crit ) of largemouth bass tested in the swim tunnel decreased in the fall and early spring compared with summer swimming speeds. Locomotor capacity in ectotherms is directly correlated with ambient temperature, as body temperature influences many physiological processes because of the dependence of enzyme activity on temperature coefficients (Q 10 values; Hochachka and Somero 1984; Bennett 1990 ). There are many reasons for the decrease in performance of fish at low temperatures, including reductions in cardiac performance (Brett 1971) and muscle contraction efficiency (Bennett 1984) . The activities and speeds measured in both the biotelemetry study and the swim-tunnel study demonstrated progressively reduced movement and performance as the ambient temperature fell below summer temperatures. Thus, it is likely that a reduction and (or) slowing of a number of physiological processes were occurring as temperature decreased, resulting in a concomitant reduction in seasonal swimming performance.
Previous studies in both laboratory and field settings have documented a reduction in realized swimming speed and activity rates for several fish species during winter (Kolok 1991; Adams and Parsons 1998; Hanson et al. 2007 ). However, while smallmouth bass (Micropterus dolomieu Lacepède, 1802; a congener of largemouth bass) exhibited near dormancy during winter (Kolok 1991 ), the activity rates of several key metabolic enzymes did not change during cold acclimation, suggesting that smallmouth bass might exhibit increased swimming performance if challenged and that winter dormancy was facultative. Thus, until our study, it was unclear as to whether bass exhibited reduced activity at cold water temperatures because they were incapable of increased performance owing to thermal constraints or because they chose to swim slowly to conserve energy stores. Results from our study show that largemouth bass are not capable of maintaining summer performance levels during winter. Both prolonged and burst swimming tests, as well as voluntary daily activity, swimming activity, and maximum swimming activity, showed a reduction with temperature, indicating that the bass were not able to swim at an equal speed across temperatures. The metrics cover all swimming types typically measured in fish, and the general reduction in all types of swimming, indicates that there is a hindrance in swimming ability at cold temperatures. However, it is likely that some of the decrease in swimming ability is facultative, as fish that were forced to swim during cold temperature did so at a much higher rate than telemetered fish.
In addition to the changes in swimming performance across seasons, our study also documented a substantial difference between laboratory-based prolonged swimming and field-based sustained swimming values. In the early spring, for example, laboratory-based prolonged swimming was found to be 10 times greater than voluntary swimming activity in the wild during the early spring. Although it is challenging to compare the absolute values of each independent test, it appears that free-ranging largemouth bass have the potential for increased swimming performance beyond what was observed in the wild. Undoubtedly, there are many factors that determine swimming activity in the wild (e.g., dissolved oxygen, prey abundance, food requirements). To determine these factors, and to what degree each factor influences swimming activity, many more experiments are needed that use both field-and laboratory-based tests. Although there is debate as to whether it is more accurate to use field-based estimates rather than laboratory-based estimates (Irschick and Garland 2001) , it is important to fully understand the individual factors and their influence on swimming performance (through laboratory-based experiments) before field-based observations can be used to assess population-and community-level responses.
Fish are known to fall on a spectrum of being well adapted for thermal change (i.e., eurythermal) to not being able to adapt to thermal change (i.e., stenothermal) (Hochachka and Somero 1984) . Many physiological and biochemical changes can occur in fish exposed to cold temperature that may alter swimming ability (e.g., aerobic enzyme activities (Rome et al. 1985; Johnston and Dunn 1987; Guderley and Blier 1988) , mitochondrial density (Egginton and Sidell 1989; Guderley 1990; Battersby and Moyes 1998) ). Our field-based data show that largemouth bass have some ability to acclimatize to persistent cold temperature, as swimming performance in the late winter was higher than during the early winter. However, all swimming metrics determined using field-based telemetry during the winter were over 60% reduced compared with summer values. Thus, although the telemetered fish demonstrated a tendency to be more eurythermal than stenothermal, they are by no means completely eurythermal. When five closely related centrarchid species were acclimated to cold temperatures, largemouth bass were the species least able to acclimate (Tschantz et al. 2002) , and forced swimming performance of largemouth bass was greatly reduced by cold temperature (Kolok 1992) . In general, although field-tested largemouth bass exhibited some recovery of swimming speed during late winter, largemouth bass were not found to be well adapted for maintaining high swimming activity. Future studies should attempt to link physiological and biochemical changes to swimming activity.
Laboratory-and field-based assessments of swimming performance are often studied separately, and few direct comparisons of these techniques exist in the literature. In our study, laboratory-assessed prolonged and burst swimming were assessed in combination with field-based telemetry measurements of voluntary daily and swimming activity. General trends in seasonal changes to performance were conserved across metrics. In general, it was found that as temperature decreased, so did swimming performance. However, field-based swimming activity was not equivalent to laboratory-based swimming, suggesting that there are multiple factors influencing swimming in the wild. In addition, largemouth bass in the winter were found to have some tendency to increase activity as cold temperatures persisted, indicating possible acclimatization. Because largemouth bass are regarded as ambush predators, it may also be worthwhile to study these issues in fish that spend more time actively swimming.
